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Abstract 
CaO is a promising material as an alternative CO2 capture material which can be 
used at high temperature. It has advantages of wide availability in natural minerals, 
low cost and large sorption capacity, etc. However, CaO sinters to form large particles 
under long-term high temperature conditions, resulting in a rapid decrease of its 
surface area and the capacity of CO2 capture. In this work, we developed a composite 
material called mesocellular siliceous foam (MCF)-supported CaO to enhance the 
stability and capacity of CaO-based materials for CO2 capture. The crystal structure, 
surface morphology and porosity property of the developed composite materials were 
investigated. Thermogravimetric measurements were carried out to study the cyclic 
CO2 capture performance of the MCF-supported CaO composites. The results showed 
that a part of CaO reacted with the silica wall, and the formation of Ca2SiO4 within 
the MCF framework limited the presence of CaO in the mesopores, thus inhibited the 
sintering of CaO. The sample of MCF-3CaO showed better performance of CO2 
capture and long-term stability, compared with the materials prepared with lower CaO 
content. 
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1. Introduction 
1.1. Background and motivations for the study 
Global warming and climate change [1, 2] are becoming serious environmental 
issues that will affect us all in the near future. Anthropogenic CO2 emissions are the 
major source of greenhouse gases that cause global warming. Thus, carbon capture 
and storage (CCS) has attracted extensive attention as a practicable method to reduce 
CO2 emissions [3-6]. Recently, various separation techniques for CCS have been 
investigated, including absorption, adsorption, membrane separation, etc. Among 
them, solvent-based absorption is a commercial technology for CO2 separation. 
However, this technology has some drawbacks, such as high energy consumption, 
high cost, solvent degradation and corrosion of equipment [7, 8]. On the other hand, 
adsorption of CO2 using zeolites [9-11], mesoporous silicas [12], porous carbons 
[13-15], and metal-organic frameworks (MOFs) [16, 17] have attracted much 
attention in research in this field. However, these materials are considerably less 
mature due to the weak interaction with CO2 and high cost. 
CaO is considered as a good alternative material in both post-combustion capture 
and pre-combustion capture because of the carbonation reaction of CaO with CO2 
[18-20]. Theoretically, 1 kg CaO can absorb 785 g CO2, producing CaCO3 that can be 
decarbonated to re-form CaO and concentrated CO2 (so-called calcium looping cycle) 
[21, 22]. CaO is a low cost and wide available natural minerals. It has large sorption 
capacity and can be operated at high operating temperatures. All of these advantages 
makes CaO a potential promising CO2 sorbent. However, there is a serious 
disadvantage for CaO. It sinters to form large particles in carbonation-calcination 
cycles, leading to a rapid decrease of its surface area and thus its reactivity toward 
CO2 [23]. This characteristic is attributed to the higher carbonation and calcination 
temperature than the Tammann temperature of CaCO3 [24]. 
1.2. Literature review 
Recently, many studies have been carried out to solve this sintering problem. For 
example, adding an inert material with a high melting point, such as Al2O3, CaZrO3, 
TiO2, and MgO [25-28] can significantly improve the thermal stability of adsorbents 
in the multi-cyclic carbonation/calcination process. Moreover, grafting CaO onto a 
support material is another option to form stable sorbents. It has been reported that 
CaO can be supported on oxides. For example, CaTiO3, Ca12Al14O33, mixed calcium 
aluminates, CexZryOz, La2O3, LaAlxMgyO3 and cement [29-33]. 
To increase specific surface area and total pore volume, as well as pore structure 
modification is another strategy for enhancing the reactivity and capacity of sorbents 
for CO2 adsorption. Porous architecture can be achieved by treating CaO with 
ethanol/water solutions [34, 35] and organic acids [36, 37], developing novel 
preparation approaches such as sol−gel method [38, 39], spray-drying technique [40], 
mechanical activation [41], and surfactant assistance method [42, 43]. 
Mesoporous materials exhibit high surface areas, large pore volumes and tunable 
pore sizes, and thus can be applied in the fields of absorbents, catalysts, chemical 
sensors, drug-delivery systems, and various electrochemical devices [44]. Mesopores 
with excellent mass transfer for reactants, remarkable stabilities and inert properties 
for active sites, are considered to be able to act as excellent binders, additives and 
protective agents to enhance the stability of CaO in high-temperature CO2 capture. 
Recently, several mesoporous material/CaO composites have been reported [45, 46]. 
Mesocellular siliceous foam (MCF) is a typical mesoporous material, which has 
attracted considerable attention in research due to its easy synthesis, tunable pore size 
and thick pore walls [47, 48]. The interconnected nature of the large uniform pores 
makes MCF a good support material, and the good thermal and mechanical stability 
also allow its use in high temperature chemical reactions. Therefore, MCF is 
considered as a potential inert supporting material which can accommodate a high 
loading of CaO. 
1.3. Aim and objectives of this study 
This research is focusing on the fabrication of novel MCF-supported CaO with 
the aim of enhancing the reactive stability in cyclic CO2 capture. MCF, which 
provides a highly stable framework under high temperature conditions, is selected as 
an inert supporting material to accommodate CaO with high CO2 sorption capacity, 
and to mitigate the sintering problem of CaO. Thermogravimetric studies were carried 
out to characterize the cyclic CO2 capture performance of MCF-supported CaO. In 
addition, the effects of MCF/CaO ratio and carbonation/calcination temperature on 
the cyclic CO2 capture performance were also investigated. 
 
2. Experimental materials and procedures 
2.1 Materials 
Triblock copolymer P123 (poly(ethylene glycol)-block-poly(propylene glycol)- 
block-poly(ethylene glycol), EO20–PO70–EO20, Mav = 5800) and calcium nitrate 
tetrahydrate (Ca(NO3)2:4H2O) were purchased from Sigma-Aldrich. Hydrochloric 
acid (HCl, 37.8 wt.%), ammonium fluoride (NH4F), 1,3,5-trimethylbenzene (TMB), 
and tetraethyl orthosilicate (TEOS) were purchased from Sinopharm Chemical 
Reagent Co., Ltd. All chemicals were used as received without further purification. 
 
2.2 Preparation of MCF-supported CaO 
The pristine MCF material was synthesized according to the method reported by 
Schmidt-Winkel et al [49]. Typically, P123 (2.0 g) was dissolved in a HCl solution 
(1.6 M, 75 mL) at room temperature under stirring. Then TMB (2.0 g) and NH4F (23 
mg) were added and the mixture was heated to 40 °C. After 60 min of stirring, TEOS 
(4.4 g) was added, followed by 20 h of stirring at 40 °C. Afterwards, the milky 
mixture was transferred into an autoclave and aged at 100 °C for 24 h. The obtained 
material was recovered by filtration, washed carefully and dried at room temperature. 
The organic template was removed by calcination at 550 °C for 6 h in air to produce 
the MCF material. 
Then, the loading of CaO onto the MCF material was achieved by wet 
impregnation of calcium precursor (Ca(NO3)2:4H2O) into the mesopores of MCF and 
calcination to form CaO. In a typical preparation, 2.1, 4.2, 8.4 and 12.6 g of 
Ca(NO3)2:4H2O (corresponding to 0.5, 1, 2 and 3 g CaO, respectively) were dissolved 
in 50 ml of distilled water. When the precursor was completely dissolved, 1 g of MCF 
was then added into each of the calcium nitrate solutions while stirring. After the 
solvent was removed by evaporation and dried, the samples were calcined at 750 °C 
for 2 h in air with a heating rate of 2 °C/min. The products were designated as 
MCF-xCaO, where x = 0.5, 1, 2 and 3, respectively. 
 
2.3 Characterization 
Powder X-ray diffraction (PXRD) patterns were recorded on a D/Max2550 
VB/PC spectrometer with Cu Kg radiation (40 kV and 40 mA). Nitrogen 
adsorption-desorption isotherms were measured with a Micrometrics ASAP 2020 
physisorption analyzer. The samples were pretreated by degassing under N2 purge at 
200 °C for 6 h prior to measurement. The surface area of each sample was determined 
according to the N2 physisorption data at –196 °C calculated by the Brunauer–
Emmett–Teller (BET) method in the relative pressure range of 0.05–0.3 (P/Po). The 
total pore volume was calculated from the adsorbed volume at P/Po ≥ 0.97. The pore 
size distribution was determined by the Barrett–Joyner–Halenda (BJH) model. The 
morphologies of the as-synthesized composites were observed in a Nova NanoSEM 
450 scanning electron microscope (SEM).  
The CO2 sorption property and the multicyclic carbonation/calcination 
performance of each sample were investigated using the TGA method by a 
thermogravimetric analyzer (Stanton Redcroft). In a typical measurement, the sample 
(5 ~ 8 mg) was placed in a small Al2O3 crucible and heated to 900 °C under N2 for 
degassing. A complete cycle was composed of carbonation conducted under pure CO2 
stream at 700 °C and calcination conducted under pure N2 stream at 900 °C, 
respectively. The gases were supplied at a constant flow rate of 50 ml min-1. 
The capture of CO2 on the prepared composites is achieved by the chemical 
reaction between CaO and CO2, which is a reversible process: 
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where mn is the sample weight after n cycles of carbonation, mo is the weight of the 
original sample after degassing, b means the content of CaO in the original sample 
(wt.%), WCaO and WCO2 represent the molar mass of CaO and CO2, respectivelyǄ 
 
3. Results and discussion 
3.1 Characterizations of the MCF-xCaO samples 
The XRD patterns in Figure 1 show the crystalline structure of the prepared 
MCF-xCaO samples. It can be seen that the MCF-0.5CaO shows almost no diffraction 
peaks in the XRD pattern, while the MCF-1CaO, the MCF-2CaO and the MCF-3CaO 
exhibit both Ca2SiO4 and CaO peaks. It is suggested that MCF is composed of 
amorphous silica without crystalline structure. During the impregnation process, 
Ca(NO3)2 enters into the pores of MCF. When the mixture was calcined up to 750 °C 
in air, Ca(NO3)2 melts at 560 °C and subsequent decomposition occurred in the 
molten phase (2Ca(NO3)2 s 2CaO + 4NO2 +O2). During the calcination of material, 
a part of CaO reacted to form Ca2SiO4 (2CaO + SiO2 s Ca2SiO4) [46]. As for the 
MCF-0.5CaO sample, although some of the CaO transformed into Ca2SiO4, the 
amorphous MCF was still the major constituent, therefore no obvious diffraction 
peaks are present. For the MCF-1CaO, some characteristic peaks of Ca2SiO4 appeared 
on the XRD profile, but the percentage of CaO was still very small, suggesting that 
almost all the CaO had transformed into Ca2SiO4. With the increase of the CaO/MCF 
stoichiometric ratio, the MCF-2CaO and the MCF-3CaO showed much more 
intensive CaO diffraction peaks while the Ca2SiO4 diffraction patterns did not change 
much, indicating that the formed Ca2SiO4 prevented the further reaction between CaO 
and SiO2. Therefore, from XRD analysis, it is obvious that only the MCF-2CaO and 
the MCF-3CaO have the active sites of CaO which could be available for CO2 
capture. 
 
























Figure 1.  XRD patterns of MCF-xCaO samples, where x = 0.5, 1, 2 and 3, respectively. 
 
The morphology of each MCF-xCaO sample was analyzed by SEM and the 
images were shown in Figure 2. The MCF-0.5CaO sample exhibited a relatively 
regular particle shape, with a porous surface morphology, which was similar to the 
original MCF material. With the increase of CaO content, the morphologies and 
structures of MCF-xCaO changed gradually. For example, for the MCF-1CaO sample, 
there was a slight increase in the degree of aggregation and the particle surface was 
more smooth and dense. However, the MCF-2CaO and the MCF-3CaO showed 
clearly different morphologies compared with the MCF-0.5CaO and the MCF-1CaO. 
For the MCF-2CaO and the MCF-3CaO, a large monolithic structure is observed 
including that the surface became very dense. This may be due to the presence of 
large amount of CaO particles outside the mesopores of MCF. 
 
 
Figure 2.  SEM images of each MCF-xCaO sample, (a,b) MCF-0.5CaO, (c,d) MCF-1CaO, (e,f) 
MCF-2CaO, (g,h) MCF-3CaO. 
 
The porosity properties of the MCF-xCaO samples were characterized by N2 
adsorption-desorption isotherms, as shown in Figure 3. The BET surface area and 
total pore volume of each sample are summarized in Table 1. As seen from Figure 3, 
each sample showed a type IV isotherm (according to IUPAC classification) which is 
typical in the original MCF. Meanwhile, the isotherm showed a steep hystersis loop of 
type H1 at relatively high pressure, which was attributed to the capillary condensation 
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phenomenon of the large mesopores in the composite material. In addition, the 
samples showed very low N2 adsorption quantities at relatively low pressure range, 
suggesting that a weak interaction present between the adsorbent and the adsorbate. 
When P/P0 > 0.9, the N2 uptakes showed a sharp rise. This type of isotherm is 
common in solid adsorbent with regular spherical particles, which is consistent with 
the SEM observation.  
The BET surface area and total pore volume of the MCF-0.5CaO sample were 
182.8 m2:g-1 and 0.69 cm3:g-1, respectively, much lower than those of the original 
MCF (approximately 600~800 m2:g-1 and 1.5~2.0 cm3:g-1). This is because the CaO 
content had occupied a considerable amount of space in the mesopores of MCF. With 
the increase of CaO content, the N2 uptakes of MCF-xCaO showed a sharp decrease. 
Accordingly, the surface areas and total pore volumes of the MCF-1CaO, the 
MCF-2CaO and the MCF-3CaO were reduced to 67.4, 27.4, 12.9 m2:g-1 and 0.17, 
0.09, 0.06 cm3:g-1, respectively. The N2 adsorption-desorption isotherm of the 
MCF-3CaO was almost parallel to the X axis, suggesting that majority of the 
mesopores had been occupied by CaO. Therefore, adding more CaO would probably 
lead to the complete blockage of mesopores. 
 
Table 1  BET surface area and total pore volume of each MCF-xCaO sample. 
Sample MCF-0.5CaO MCF-1CaO MCF-2CaO MCF-3CaO 
BET surface area (m2:g-1) 182.8130 67.4418 27.4300 12.9117 
Total pore volume (cm3:g-1) 0.690551 0.166678 0.086684 0.057772 
 
 
































Figure 3.  N2 adsorption-desorption isotherms for each MCF-xCaO sample, where x = 0.5, 1, 2 
and 3, respectively. 
 
3.2 CO2 capture capability and long-term stability of each MCF-xCaO 
sample 
In this section, the long-term stability and resistance to thermal sintering were 
investigated for the developed CaO based materials. The durability performance of 
each sample was tested by means of multicyclic carbonation/calcination process. Prior 
to the multi-cyclic test, the sample was calcined in situ in the TGA furnace by heating 
up to 900 °C in pure N2, aiming to degas and decarbonate the sample. Then the 
temperature was cooled to 700 °C prior to the carbonation stage. A complete cycle 
was composed of carbonation in pure CO2 at 700 °C for 30 min and calcination in 
pure N2 at 900 °C for 15 min, respectively. After calcination, the temperature was 
cooled to 700 °C again to continue with the carbonation stage of a new cycle. About 
20-cycle stability tests for the MCF-2CaO and the MCF-3CaO were carried out. TGA 
results for the MCF-2CaO and the MCF-3CaO were shown in Figure S1. Because the 
MCF-0.5CaO and MCF-1CaO showed nearly no CO2 capture, we only conducted 
three cycles of carbonation/calcination operation for these two materials (Figure 4). 
According to the CO2 uptake in each carbonation process and equation 2, the 
carbonation conversions of the MCF-xCaO samples were calculated and showed in 
Figure 4. The CO2 uptakes of both the MCF-0.5CaO and the MCF-1CaO were nearly 
zero because of the irreversible reaction between CaO and silica under high 
temperature. As shown in the XRD results (Figure 1), almost all the CaO component 
had transformed into Ca2SiO4 during the synthesis of the MCF-0.5CaO and the 
MCF-1CaO. For the samples of the MCF-2CaO and the MCF-3CaO, the CO2 capture 
performances were much better. For example, the carbonation conversions were 22.2% 
and 31.5%, respectively for the MCF-2CaO and the MCF-3CaO. Moreover, both the 
MCF-2CaO and the MCF-3CaO showed better long-term stability compared with the 
original CaO, and the carbonation conversions were 15.8% and 27.5% after 20 
carbonation/calcination cycles, respectively. It is suggested that that a part of CaO 
within the silica pores were transformed into inert Ca2SiO4, which in turn prevented 
the contact of CaO and silica. In addition, the inert Ca2SiO4 reacted with original 
MCF forming a stable framework which could effectively limit the sintering of CaO 
under long-term high temperature conditions [46, 50]. Therefore, the multi-cyclic 
stability of the CaO-based composites was significantly enhanced for the MCF-2CaO 
and the MCF-3CaO samples. 
During the 20 carbonation/calcination cycles, the MCF-2CaO and MCF-3CaO 
still experienced a slow decay, and the carbonation conversions were reduced 28.2% 
and 12.7%, respectively. In comparison, CaO showed much significant decay in 
multicyclic carbonation/calcination process. Li et al. [50] reported that the 
carbonation conversion of CaO rapidly decayed from 68% to 12% after 50 
carbonation/calcination cycles. Similarly, Sun et al. [51] reported that CaO derived 
from natural limestone displayed a large activity loss of 51.2% from the carbonation 
conversion of 64.4% to 31.4% after 20 carbonation/calcination cycles. The 
MCF-3CaO exhibited better stability than the MCF-2CaO in terms of the stability of 
CO2 capture. It is suggested that in the long-term high temperature process, some CaO 
particles in the MCF-2CaO sample were transformed into Ca2SiO4, resulting in the 
reduction of active CaO species. However, for the MCF-3CaO sample with more CaO 
content, more active CaO sites were available for CO2 capture. 
It is noted that for the MCF-3CaO adsorbent, the capacity of CO2 adsorption is 
Formatted: No underline, Underline color: Auto
around 4 mmol CO2 per gram of adsorbent. This value of CO2 uptake is higher than 
some reported data, for example, 2.3 mmol g-1 CO2 adsorption was reported using an 
organic acid modified CaO pellets (adsorption temperature: 650 °C; desorption 
temperature: 850 °C and 15 vol.% CO2 in N2 at atmosphere pressure) [52], and 3.0 
mmol g-1 CO2 adsorption was obtained using CaO/meso-SiC material with adsorption 
and desorption temperature at 690 and 850 °C, respectively (15 vol.% CO2 in N2 at 
atmosphere pressure) [53]. However, higher CO2 adsorption capacity (up to 13.9 
mmol g-1) were also reported by other researchers [30, 54, 55]. We suggested that a 
large amount of inert silica material was present inside the developed material, 
resulting the relatively low CO2 uptake per gram of the adsorbent. Thus further 
medication of the adsorbent developed in this work is suggested in terms of increasing 
the capacity of CO2 uptake and possible molecular modelling work can be carried out 
to support the development of CO2 adsorbent. 


































Figure 4.  The carbonation conversion of MCF-supported CaO sorbents in 20 
carbonation/calcination cycles. Carbonation: 700 °C, 30 min, pure CO2; Calcination: 900 °C, 15 
min, pure N2. 
 
    3.3 Influence of adsorption conditions 
Therefore, the MCF-3CaO sample is considered to be a better candidate for CO2 
capture. It was selected to further investigate its CO2 capture properties under varied 
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situations. Carbonation temperature and calcination temperature are two important 
operation factors during the CO2 capture process; these two parameters were 
investigated using the MCF-3CaO sample. When calcination temperature was fixed at 
900 °C, carbonation temperature varied from 700 °C to 650 °C and 750 °C, 
respectively. 5-cycle carbonation/calcination tests through TGA method and the 
results were shown in Figure S2. The carbonation conversions were calculated and 
shown in Figure 5. It is obvious that the carbonation temperature strongly influenced 
the carbonation conversion. With the increase of carbonation temperature from 650 °C 
to 750 °C, the carbonation conversion increased from 26.3% to 36.8%. In addition, 
the stabilities of MCF-3CaO under different carbonation temperatures were also 
improved, the carbonation conversions after 5 cycles were 23.5%, 30.5% and 35.2%, 
respectively at 650, 700 and 750 °C. 














































































The calcination temperature was investigated at 700, 800 and 900 °C, and the 
carbonation temperature was constant at 700 °C. The TGA results of 5-cycle 
carbonation/calcination tests and the calculated carbonation conversions were 
exhibited in Figure S3 and Figure 6, respectively. It can be seen that the variation of 
calcination temperature had little influence on the carbonation conversion of the 
MCF-3CaO. The influence was mainly on the reaction rate because higher calcination 
temperature would promote the decomposition of CaCO3.  






































Figure 7.  5-cycle carbonation/calcination stability of MCF-3CaO under different CO2 
concentrations at 900 °C for carbonation and 700 °C for calcination . 
 
The influence of CO2 concentration was also investigated, while the carbonation 
temperature was fixed at 700 °C and the calcination temperature was constant at 
900 °C, respectively. 15 vol.% and 50 vol.% CO2 in N2 were used to test the capture 
ability and long-term stability of MCF-3CaO, as shown in Figure S4 and Figure 7. 
The results revealed that the capture capacity and long-term stability of MCF-3CaO 
were almost the same when 15 vol.%, 50 vol.% and 100 vol.% CO2 were investigated, 
suggesting that the MCF-3CaO could be employed in low concentration CO2 capture 
process. Therefore, the MCF-3CaO is a potential promising sorbent for the capture of 
CO2 from flue gases. 
 
4. Conclusions 
In this work, a method of preparing novel MCF-supported CaO composites was 
proposed for CO2 capture. It showed that the interaction between CaO and silica 
support forming Ca2SiO4 was key to prepare a CO2 adsorbent with better stability in 
cycles of CO2 adsorption/desorption. In a long-term high temperature process, a part 
of CaO reacted with the silica wall to form Ca2SiO4. MCF and Ca2SiO4 constructed a 
stable framework which was suggested to prevent the sintering of CaO during CO2 
capturing process.We also concluded that certain amount of CaO should be 
incorporated into the MCF material in order to have a better performance of CO2 
capture, due to the interaction with support. The The sample of MCF-3CaO showed a 
good carbonation conversion ofwith 31.5% carbonation conversion showed only 
slightly reduce of CO2 adsorption after 20 cycles of carbonation/calcination process 
(carbonation temperature: 700 °C and calcination temperature: 900 °C). when 
carbonation temperature was 700 °C and calcination temperature was 900 °C. After 
20 cycles of carbonation/calcination process, the carbonation conversion showed 
slightly reduce to 27.5%. Moreover, the MCF-3CaO also exhibited good capture 
performance when 15 vol.% CO2 was used.The investigation of process conditions 
using the MCF-3CaO showed that the adsorption temperature (carbonation) had a 
clear influence on CO2 capture, while small influence was obtained from calcination 
temperature and CO2 concentration.  
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ぷンンへ L┌ﾗ Cが )ｴWﾐｪ Yが Dｷﾐｪ Nが W┌ Qが Bｷ;ﾐ Gが )ｴWﾐｪ Cく DW┗WﾉﾗヮﾏWﾐデ ;ﾐS PWヴaﾗヴﾏ;ﾐIW ﾗa C;OっL;ヲOン 
“ﾗヴHWﾐデゲ S┌ヴｷﾐｪ C;ﾉIｷ┌ﾏ Lﾗﾗヮｷﾐｪ C┞IﾉWゲ aﾗヴ COヲ C;ヮデ┌ヴWく IﾐS┌ゲデヴｷ;ﾉ わ EﾐｪｷﾐWWヴｷﾐｪ CｴWﾏｷゲデヴ┞ ‘WゲW;ヴIｴく 
ヲヰヱヰきヴΓぎヱヱΑΑΒ-Βヴく 
ぷンヴへ Lｷ YJが )ｴ;ﾗ C“が Q┌ C‘が D┌;ﾐ LBが Lｷ Q)が Lｷ;ﾐｪ Cく COヲ C;ヮデ┌ヴW Uゲｷﾐｪ C;O MﾗSｷaｷWS ┘ｷデｴ 
Eデｴ;ﾐﾗﾉっW;デWヴ “ﾗﾉ┌デｷﾗﾐ S┌ヴｷﾐｪ C┞IﾉｷI C;ﾉIｷﾐ;デｷﾗﾐっC;ヴHﾗﾐ;デｷﾗﾐく CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ わ TWIｴﾐﾗﾉﾗｪ┞く 
ヲヰヰΒきンヱぎヲンΑ-ヴヴく 
ぷンヵへ W;ﾐｪ “が “ｴWﾐ Hが F;ﾐ “が )ｴ;ﾗ Yが M; Xが Gﾗﾐｪ Jく Eﾐｴ;ﾐIWS COヲ ;Sゲﾗヴヮデｷﾗﾐ I;ヮ;Iｷデ┞ ;ﾐS ゲデ;Hｷﾉｷデ┞ 
┌ゲｷﾐｪ C;O-H;ゲWS ;SゲﾗヴHWﾐデゲ デヴW;デWS H┞ ｴ┞Sヴ;デｷﾗﾐく AICｴE Jﾗ┌ヴﾐ;ﾉく ヲヰヱンきヵΓぎンヵΒヶ-Γンく 
ぷンヶへ “┌ﾐ ‘が Lｷ Yが W┌ “が Lｷ┌ Cが Lｷ┌ Hが L┌ Cく Eﾐｴ;ﾐIWﾏWﾐデ ﾗa COヲ I;ヮデ┌ヴW I;ヮ;Iｷデ┞ H┞ ﾏﾗSｷa┞ｷﾐｪ ﾉｷﾏWゲデﾗﾐW 
┘ｷデｴ ヮヴﾗヮｷﾗﾐｷI ;IｷSく Pﾗ┘SWヴ TWIｴﾐﾗﾉﾗｪ┞く ヲヰヱンきヲンンぎΒ-ヱヴく 
ぷンΑへ ‘ｷSｴ; FNが M;ﾐﾗ┗ｷI Vが M;IIｴｷ Aが Aﾐデｴﾗﾐ┞ MAが Aﾐデｴﾗﾐ┞ EJく AゲゲWゲゲﾏWﾐデ ﾗa ﾉｷﾏWゲデﾗﾐW デヴW;デﾏWﾐデ 
┘ｷデｴ ﾗヴｪ;ﾐｷI ;IｷSゲ aﾗヴ COヲ I;ヮデ┌ヴW ｷﾐ C;-ﾉﾗﾗヮｷﾐｪ I┞IﾉWゲく F┌Wﾉ PヴﾗIWゲゲｷﾐｪ TWIｴﾐﾗﾉﾗｪ┞く ヲヰヱンきヱヱヶぎヲΒヴ-Γヱく 
ぷンΒへ L┌ﾗ Cが )ｴWﾐｪ Yが )ｴWﾐｪ Cが Yｷﾐ Jが Qｷﾐ Cが FWﾐｪ Bく M;ﾐ┌a;Iデ┌ヴW ﾗa I;ﾉIｷ┌ﾏ-H;ゲWS ゲﾗヴHWﾐデゲ aﾗヴ ｴｷｪｴ 
デWﾏヮWヴ;デ┌ヴW I┞IﾉｷI COヲ I;ヮデ┌ヴW ┗ｷ; ; ゲﾗﾉにｪWﾉ ヮヴﾗIWゲゲく IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa GヴWWﾐｴﾗ┌ゲW G;ゲ Cﾗﾐデヴﾗﾉく 
ヲヰヱンきヱヲぎヱΓン-Γく 
ぷンΓへ X┌ Pが XｷW Mが CｴWﾐｪ )が )ｴﾗ┌ )く COヲ C;ヮデ┌ヴW PWヴaﾗヴﾏ;ﾐIW ﾗa C;O-B;ゲWS “ﾗヴHWﾐデゲ PヴWヮ;ヴWS H┞ ; 
“ﾗﾉにGWﾉ MWデｴﾗSく IﾐS┌ゲデヴｷ;ﾉ わ EﾐｪｷﾐWWヴｷﾐｪ CｴWﾏｷゲデヴ┞ ‘WゲW;ヴIｴく ヲヰヱンきヵヲぎヱヲヱヶヱ-Γく 
ぷヴヰへ Lｷ┌ Wが Yｷﾐ Jが Qｷﾐ Cが FWﾐｪ Bが X┌ Mく “┞ﾐデｴWゲｷゲ ﾗa C;O-B;ゲWS “ﾗヴHWﾐデゲ aﾗヴ COヲ C;ヮデ┌ヴW H┞ ; 
“ヮヴ;┞-Dヴ┞ｷﾐｪ TWIｴﾐｷケ┌Wく Eﾐ┗ｷヴﾗﾐﾏWﾐデ;ﾉ “IｷWﾐIW わ TWIｴﾐﾗﾉﾗｪ┞く ヲヰヱヲきヴヶぎヱヱヲヶΑ-Αヲく 
ぷヴヱへ “;┞┞;ｴ Mが L┌ Yが M;ゲWﾉ ‘Iが “┌ゲﾉｷIﾆ K“く MWIｴ;ﾐｷI;ﾉ AIデｷ┗;デｷﾗﾐ ﾗa C;O-B;ゲWS ASゲﾗヴHWﾐデゲ aﾗヴ COヲ 
C;ヮデ┌ヴWく CｴWﾏ“┌ゲCｴWﾏく ヲヰヱンきヶぎヱΓン-Βく 
ぷヴヲへ Y;ﾐｪ )が )ｴ;ﾗ Mが Fﾉﾗヴｷﾐ NHが H;ヴヴｷゲ ATく “┞ﾐデｴWゲｷゲ ;ﾐS Cｴ;ヴ;IデWヴｷ┣;デｷﾗﾐ ﾗa C;O N;ﾐﾗヮﾗSゲ aﾗヴ Hｷｪｴ 
TWﾏヮWヴ;デ┌ヴW COヲ C;ヮデ┌ヴWく IﾐS┌ゲデヴｷ;ﾉ わ EﾐｪｷﾐWWヴｷﾐｪ CｴWﾏｷゲデヴ┞ ‘WゲW;ヴIｴく ヲヰヰΓきヴΒぎヱヰΑヶヵ-Αヰく 
ぷヴンへ AﾆｪゲﾗヴﾐヮW;ﾆ Aが Wｷデﾗﾗﾐ Tが M┌ﾐｪIｴ;ヴﾗWﾐ Tが Lｷﾏデヴ;ﾆ┌ﾉ Jく DW┗WﾉﾗヮﾏWﾐデ ﾗa ゲ┞ﾐデｴWデｷI C;O ゲﾗヴHWﾐデゲ 
┗ｷ; CTAB-;ゲゲｷゲデWS ゲﾗﾉにｪWﾉ ﾏWデｴﾗS aﾗヴ COヲ I;ヮデ┌ヴW ;デ ｴｷｪｴ デWﾏヮWヴ;デ┌ヴWく CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ Jﾗ┌ヴﾐ;ﾉく 
ヲヰヱヴきヲンΑぎヱΒΓ-ΓΒく 
ぷヴヴへ W;ﾐ Yが Y;ﾐｪ Hが )ｴ;ﾗ Dく さHﾗゲデЪG┌Wゲデざ CｴWﾏｷゲデヴ┞ ｷﾐ デｴW “┞ﾐデｴWゲｷゲ ﾗa OヴSWヴWS NﾗﾐゲｷﾉｷIWﾗ┌ゲ 
MWゲﾗヮﾗヴﾗ┌ゲ M;デWヴｷ;ﾉゲく AIIﾗ┌ﾐデゲ ﾗa CｴWﾏｷI;ﾉ ‘WゲW;ヴIｴく ヲヰヰヶきンΓぎヴヲン-ンヲく 
ぷヴヵへ H┌;ﾐｪ C-Hが Cｴ;ﾐｪ K-Pが Y┌ C-Tが Cｴｷ;ﾐｪ P-Cが W;ﾐｪ C-Fく DW┗WﾉﾗヮﾏWﾐデ ﾗa ｴｷｪｴ-デWﾏヮWヴ;デ┌ヴW COヲ 
ゲﾗヴHWﾐデゲ ﾏ;SW ﾗa C;O-H;ゲWS ﾏWゲﾗヮﾗヴﾗ┌ゲ ゲｷﾉｷI;く CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ Jﾗ┌ヴﾐ;ﾉく ヲヰヱヰきヱヶヱぎヱヲΓ-ンヵく 
ぷヴヶへ “;ﾐIｴW┣-JｷﾏWﾐW┣ PEが PWヴW┣-M;ケ┌WS; LAが V;ﾉ┗WヴSW JMく N;ﾐﾗゲｷﾉｷI; ゲ┌ヮヮﾗヴデWS C;Oぎ A ヴWｪWﾐWヴ;HﾉW 
;ﾐS ﾏWIｴ;ﾐｷI;ﾉﾉ┞ ｴ;ヴS COヲ ゲﾗヴHWﾐデ ;デ C;-ﾉﾗﾗヮｷﾐｪ IﾗﾐSｷデｷﾗﾐゲく AヮヮﾉｷWS EﾐWヴｪ┞く ヲヰヱヴきヱヱΒぎΓヲ-Γく 
ぷヴΑへ “IｴﾏｷSデ-WｷﾐﾆWﾉ Pが L┌ﾆWﾐゲ WWが )ｴ;ﾗ Dが Y;ﾐｪ Pが CｴﾏWﾉﾆ; BFが “デ┌Iﾆ┞ GDく MWゲﾗIWﾉﾉ┌ﾉ;ヴ “ｷﾉｷIWﾗ┌ゲ 
Fﾗ;ﾏゲ ┘ｷデｴ Uﾐｷaﾗヴﾏﾉ┞ “ｷ┣WS CWﾉﾉゲ ;ﾐS WｷﾐSﾗ┘ゲく Jﾗ┌ヴﾐ;ﾉ ﾗa デｴW AﾏWヴｷI;ﾐ CｴWﾏｷI;ﾉ “ﾗIｷWデ┞く 
ヱΓΓΓきヱヲヱぎヲヵヴ-ヵく 
ぷヴΒへ “┌H;ｪ┞ﾗﾐﾗ DJNが Lｷ;ﾐｪ )が Kﾐﾗ┘ﾉWゲ GPが Cｴ;aaWW ALく AﾏｷﾐW ﾏﾗSｷaｷWS ﾏWゲﾗIWﾉﾉ┌ﾉ;ヴ ゲｷﾉｷIWﾗ┌ゲ aﾗ;ﾏ 
ふMCFぶ ;ゲ ; ゲﾗヴHWﾐデ aﾗヴ COヲく CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ ‘WゲW;ヴIｴ ;ﾐS DWゲｷｪﾐく ヲヰヱヱきΒΓぎヱヶヴΑ-ヵΑく 
ぷヴΓへ “IｴﾏｷSデ-WｷﾐﾆWﾉ Pが L┌ﾆWﾐゲ WWが Y;ﾐｪ Pが M;ヴｪﾗﾉWゲW DIが LWデデﾗ┘ J“が Yｷﾐｪ JYが Wデ ;ﾉく MｷIヴﾗWﾏ┌ﾉゲｷﾗﾐ 
TWﾏヮﾉ;デｷﾐｪ ﾗa “ｷﾉｷIWﾗ┌ゲ MWゲﾗゲデヴ┌Iデ┌ヴWS CWﾉﾉ┌ﾉ;ヴ Fﾗ;ﾏゲ ┘ｷデｴ WWﾉﾉ-DWaｷﾐWS Uﾉデヴ;ﾉ;ヴｪW MWゲﾗヮﾗヴWゲく 
CｴWﾏｷゲデヴ┞ ﾗa M;デWヴｷ;ﾉゲく ヲヰヰヰきヱヲぎヶΒヶ-Γヶく 
ぷヵヰへ Lｷ C-Cが W┌ U-Tが Lｷﾐ H-Pく C┞IﾉｷI ヮWヴaﾗヴﾏ;ﾐIW ﾗa C;COンをﾏ“ｷOヲ aﾗヴ COヲ I;ヮデ┌ヴW ｷﾐ ; I;ﾉIｷ┌ﾏ ﾉﾗﾗヮｷﾐｪ 
I┞IﾉWく Jﾗ┌ヴﾐ;ﾉ ﾗa M;デWヴｷ;ﾉゲ CｴWﾏｷゲデヴ┞ Aく ヲヰヱヴきヲぎΒヲヵヲ-Αく 
ぷヵヱへ “┌ﾐ )が “WSｪｴﾆWヴS;ヴ MHが “;;┞ﾏ;ﾐ Jが M;ｴｷﾐヮW┞ Nが Eﾉﾉｷゲ Nが )ｴ;ﾗ Dが Wデ ;ﾉく A F;IｷﾉW a;HヴｷI;デｷﾗﾐ ﾗa 
ﾏWゲﾗヮﾗヴﾗ┌ゲ IﾗヴW-ゲｴWﾉﾉ C;O-B;ゲWS ヮWﾉﾉWデゲ ┘ｷデｴ Wﾐｴ;ﾐIWS ヴW;Iデｷ┗W ゲデ;Hｷﾉｷデ┞ ;ﾐS ヴWゲｷゲデ;ﾐIW デﾗ ;デデヴｷデｷﾗﾐ 
ｷﾐ I┞IﾉｷI COヲ I;ヮデ┌ヴWく Jﾗ┌ヴﾐ;ﾉ ﾗa M;デWヴｷ;ﾉゲ CｴWﾏｷゲデヴ┞ Aく ヲヰヱヴきヲぎヱヶヵΑΑ-ΒΒく 
ぷヵヲへ ‘ｷSｴ; FNが M;ﾐﾗ┗ｷI Vが W┌ Yが M;IIｴｷ Aが Aﾐデｴﾗﾐ┞ EJく PWﾉﾉWデｷ┣WS C;O-H;ゲWS ゲﾗヴHWﾐデゲ デヴW;デWS ┘ｷデｴ 
ﾗヴｪ;ﾐｷI ;IｷSゲ aﾗヴ Wﾐｴ;ﾐIWS COヲ I;ヮデ┌ヴW ｷﾐ C;-ﾉﾗﾗヮｷﾐｪ I┞IﾉWゲく IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa GヴWWﾐｴﾗ┌ゲW G;ゲ 
Cﾗﾐデヴﾗﾉく ヲヰヱンきヱΑぎンヵΑ-ヶヵく 
ぷヵンへ Aﾏﾗゲ NJが WｷS┞;┘;デｷ Mが K┌ヴWデｷ “が Tヴｷﾏｷゲ Dが MｷﾐWデデ AIが H;ヴヴｷゲ ATが Wデ ;ﾉく DWゲｷｪﾐ ;ﾐS ゲ┞ﾐデｴWゲｷゲ ﾗa 
ゲデ;HﾉW ゲ┌ヮヮﾗヴデWS-C;O ゲﾗヴHWﾐデゲ aﾗヴ COヲ I;ヮデ┌ヴWく Jﾗ┌ヴﾐ;ﾉ ﾗa M;デWヴｷ;ﾉゲ CｴWﾏｷゲデヴ┞ Aく ヲヰヱヴきヲぎヴンンヲ-Γく 
ぷヵヴへ Lｷ┌ F-Qが Lｷ W-Hが Lｷ┌ B-Cが Lｷ ‘-Xく “┞ﾐデｴWゲｷゲが Iｴ;ヴ;IデWヴｷ┣;デｷﾗﾐが ;ﾐS ｴｷｪｴ デWﾏヮWヴ;デ┌ヴW COヲ I;ヮデ┌ヴW ﾗa 
ﾐW┘ C;O H;ゲWS ｴﾗﾉﾉﾗ┘ ゲヮｴWヴW ゲﾗヴHWﾐデゲく Jﾗ┌ヴﾐ;ﾉ ﾗa M;デWヴｷ;ﾉゲ CｴWﾏｷゲデヴ┞ Aく ヲヰヱンきヱぎΒヰンΑ-ヴヴく 
ぷヵヵへ ‘ｷSｴ; FNが M;ﾐﾗ┗ｷI Vが W┌ Yが M;IIｴｷ Aが Aﾐデｴﾗﾐ┞ EJく Pﾗゲデ-IﾗﾏH┌ゲデｷﾗﾐ COヲ I;ヮデ┌ヴW H┞ aﾗヴﾏｷI 
;IｷS-ﾏﾗSｷaｷWS C;O-H;ゲWS ゲﾗヴHWﾐデゲく IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa GヴWWﾐｴﾗ┌ゲW G;ゲ Cﾗﾐデヴﾗﾉく ヲヰヱンきヱヶぎヲヱ-Βく 
 
 
 
